A cyanobacterial expression vector was constructed using ribulose-l,5-bisphosphate carboxylase/oxygenase (RuBisCO) promoter and terminator sequences derived from Synechococcus PCC 6301. The recombinant plasmid, designated pARUB19, has an ampicillin-resistant (Ap R ) gene as a selectable marker and four unique restriction sites to allow the insertion of foreign genes. Using this vector, the luciferase gene from the firefly, Photinus pyralis, was introduced into Synechococcus PCC 6301 cells. The luciferase expression vector could be maintained stably in the host cells. Light production of luciferin/luciferase was detected in the transformants. Luciferase amounted to 1.2% of the total soluble protein. This plasmid may facilitate higher levels of foreign gene expression in Synechococcus PCC 6301.
Introduction
Cyanobacteria are autotrophic prokaryotes which perform oxygenic photosynthesis similar to that of higher plants. Since the organisms have a relatively simple genomic organization, they are suitable for the study of plant-type photosynthesis at a molecular level.
Several cyanobacterial species, such as Synechococcus PCC 7942, Synechococcus PCC 7002 and Synechocystis PCC 6803 have the ability to take up exogenous DNA into the cells, allowing them to be transformed easily with exogenous DNA.
1 ' 2 ' 3 Taking advantage of this ability, a number of different shuttle cloning vectors capable of replicating in both Escherichia coli and cyanobacteria have been constructed. 4 Concerning the development of the expression vectors for cyanobacteria, however, only a limited number of reports have appeared. 5 ' 6 ' 7 The lack of a system for expression of foreign genes in cyanobacterial cells has restricted the genetic manipulation of cyanobacteria. We have constructed a small shuttle vector which contains cyanobacterial promoter and terminator sequences of the rbcL-S operon, and expressed firefly luciferase gene in Synechococcus PCC 6301 cells using the plasmid.
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Materials and Methods

Bacterial strain and transformation
E. coli (strains HB101 and JM109) was grown in Lbroth or 2YT at 37°C. Ampicillin (Ap) was added at 50 /xg/ml when required. Transformation of E. coli cells with plasmid DNA was performed as described by Maniatis et al. 8 Synechococcus PCC 7942 (Anacystis nidulans R2) and Synechococcus PCC 6301 (A. nidulans 6301) were cultured in 100 ml of BG-11 liquid medium at 28°C under cool white fluorescent light and subcultured at the midexponential phase of growth. To 1.0 ml of cell suspension containing 2xlO 8 cells (for strain PCC 7942 A 730 =0.5) of 10 9 cells (for strain PCC 6301, A 730 =2.5), which were cultured at the mid-exponential phase of growth, 0.5 or 1.0 fig of donor DNA (in 10 mM Tris/1 mM EDTA, pH 8.0) was added, and the mixture was incubated in the dark at 26°C overnight. After incubation for a further 6 h in the light, the transformants were directly selected on BG-11 agar plates containing 1.5% agar, 1 mM sodium thiosulfate and 0.5 /ig/mL Ap. The transformation frequency was calculated by counting the number of transformants after 15 days.
Construction of shuttle cloning vectors
The multiple cloning site (MCS, EcoRl-Hindlll fragment) derived from pUCl8 was introduced between the EcoRI and Hindlll sites of pBR322. This construct was designated as pBR322M (Fig. lb) After filling in the ends, the 4.4-kb BamHl-Xhol (BAX) fragment of pBAl was introduced in the BamHl site of pBR322, the ends of which were filled with T4 DNA polymerase. The constructs were named as pBAXlO and pBAXlOR (Figs. If and g, respectively) . pBAXlO and pBAXlOR differ in the orientation of the BAX fragment of pBAl. To the 2.5-kb dephosphorylated PEC fragment, the BAX fragment was ligated after filling in the ends. The plasmid was designated pBAX18 and pBAX18R (Figs, lh and i, respectively). pBAX18 and pBAX18R differ in the orientation of the BAX fragment of pBAl.
Construction of an expression vector, pARUB19
The construction procedures are summarized in Fig.  2 . The promoter region of rbcL was prepared from pANE18 10 by digestion with Sad and Pstl. The SadPstl fragment was introduced between the Sad and Pstl sites of pUC18. Recutting with EcoRl and Pstl, the 353-bp EcoRl-Pstl fragment was obtained as a promoter sequence. The 353-bp EcoRl-Pstl fragment was ligated to a synthesized 74-bp Pstl-Hindlll linker fragment to construct the 423-bp EcoRl-Hindlll fragment. The terminator region of rbc was prepared from pANP1155 10 by digestion with Eco52l and Pstl. After filling in the ends with T 4 DNA polymerase, the 294-bp Eco52l-Pstl fragment was inserted into the Smal site of pUC13. From the construct, the 318-bp rbc terminator region, from the filled in BamHl site to the EcoRl site, was obtained. To this 318-bp rbc terminator region, MCS of which the .SeoRI site was filled in was fused, and the 373-bp Hindlll-EcoRl fragment was obtained. The 423-bp rbc promoter region and the 373-bp terminator region were ligated at the Hindlll site and after filling in both the EcoRl ends with T 4 DNA polymerase, the 786-bp expression cassette was constructed. The expression cassette was introduced between the EcoRl and Nofl sites of the shuttle cloning vector pBAX18R by blunt-end ligation.
2.4-Analysis of stability of the chimeric plasmids in the
host cells Each single colony of Ap-resistant (Ap R ) Synechococcus PCC 6301 cells transformed with respective plasmids was cultured in BG-11 liquid medium containing 10 ^g/ml Ap and plasmid DNA was isolated from the culture by the alkaline-SDS method. The plasmid DNAs were digested with EcoRl, electrophoresed in 1.0% agarose gel and transferred to a nitrocellulose membrane (Hybond-C, Amersham, UK) as described. 8 Blot hybridization was carried out according to the instruction manual of Labezyme-POD (Wako Pure Chemical Industries Japan) with peroxidase-labeled pBR322. The blotted membrane was incubated at 37° C for 1 h in a blocking solution containing 50% formamide, lOxDenhardt's solution, 0.1% SDS and 4xSET [SET: 0.15 M NaCl, 1 mM EDTA and 30 mM Tris-HCl (pH 8.0)]. Prehybridization was performed at 37° C for 1 h in 50% formamide, 2xDenhardt's solution, 4xSET, 6% polyethylene glycol 6000, 0.1% SDS and 100 ^g/ml denatured, fragmented salmon sperm DNA. Peroxidase-labeled pBR322 was added to the prehybridization solution, and hybridization was carried out at 37°C for 10 h. The membrane was washed 3 times at 37° C for 20 min in 50% formamide, 0.4% SDS and 0.5xSSC (SSC: 0.15 M NaCl and 15 mM sodium citrate, pH 7.0) and 3 times at room temperature for 20 min in 2xSSC. The chimeric plasmid DNAs which hybridized with peroxidase-labeled pBR322 were visualized by enzymatic color development through incubation with 4-chloro-l-naphthol.
Expression of firefly lucif erase
The firefly, Photinus pyralis, luciferase gene was prepared from the cassette vector (Toyo Inki-Seizo Co, Japan) by digestion with BamHl and Xhol. The luciferase expression vector, pARUB-/wc, was constructed by insertion of the 1.7-kb luciferase gene, the ends of which were filled with T4 DNA polymerase, into the blunted Sphl site of pARUB19.
A single colony of Ap R Synechococcus PCC 6301 cells transformed with pARUB-Zttc was cultured in BG-11 medium containing 50 /xg/ml Ap under cool white fluorescent light (4000 lux) for 10 days. The cells were washed and resuspended in 0.5 M Tris-succinate (pH 7.7) containing 3 mM dithiothreitol, and then broken by sonication. .Total soluble proteins were analyzed by electrophoresis in a 2-15% gradient SDS-polyacrylamide gel followed by staining with Coomassie blue.
The luciferase activity was detected in transformed cells using Camlight™ 500 (Analytical Luminescence Laboratory, USA). Portions (100 fA) of the cells were distributed into 18 Well Tilt Tray (Analytical Luminescence Laboratory). The tray was exposed by contact with Polaroid film Type 612 for 5 min.
Results and Discussion
Modification of hybrid plasmids
A shuttle cloning vector pBAS18, which includes pBR322 and an endogenous plasmid pBAl from Synechococcus PCC6301, has previously been constructed. 9 However, the transformation of Synechococcus PCC 7942 [ from Synechococcus PCC 6301 has a restriction map closely related to that of plasmid pUH24 (or pANS) of Synechococcus PCC 7942 and can be cleaved into two pieces by digestion with BamHI and Xhol. 11 The larger 4.65 kb BarriHI-Xhol fragment of pUH24 has been reported to support replication in Synechococcus PCC 7942. 12 This fragment, when present in recombinant plasmids, is able to transform Synechococcus PCC 7942 and maintain plasmid replication in the absence of the other pUH24 segment. 13 Based on these findings, the smaller 3.3-kb Xhol-BamEl segment of pBAl was deleted from the chimeric plasmid pBAS18 (pBAXlO, pBAXlOR, pBAX18 and pBAX18R) (Fig. 1) .
The entire sequence of pBR322 is contained in pBAS18, and the pBR322 moiety contains two removable genes: rop, which is involved in copy number regulation of pBR322, 14 and the tetracycline-resistant (Tc R ) gene. Between the two selectable markers, Ap R and Tc R , in pBR322, Tc R is unsuitable for the selection of the transformants of cyanobacterial cells because of the instability of Tc under light. Thus, the 1.8-kb Eco471II-PvuII segment, which contains the Tc R gene and rop of pBR322, was deleted from the chimeric plasmid (pBASlO, pBASlOR, pBAX18 and pBAX18R) (Fig. 
Stabilization of chimeric plasmids in Synechococ-
cus cells To examine the stability of the constructed chimeric plasmids within Synechococcus PCC 6301, plasmid DNAs were recovered from the transformed cells, digested with EcoRI and analyzed by Southern hybridization using peroxidase-labeled pBR322 as a probe. Figure 3 shows that the patterns of the plasmid DNAs recovered from the cells transformed with pBASlO, pBASlOR, pBAX18 and pBAX18R were identical to those of each plasmid DNA used for transformation [ Fig. 3, lanes pBAS10(S) , pBASlOR(S), pBAX18(S) and pBAX18R(S)]. The result suggests that pBASlO, pBASlOR, pBAX18 and pBAX18R exist in the host cells without alteration during replication. In contrast, the plasmid DNA fractions which were recovered from the cells transformed with pBAS18, pBAXlO and pBAXlOR under the same conditions yielded some extra bands unrelated to the original plasmids [ Fig. 2 , lanes pBAS18(S), pBAX10(S) and pBAXlOR(S)]. This result suggests that the recombinants which contained the entire sequence of pBR322 are unstable in the host cells, and that the deletion of the 1.8-kb Eco47III-PvulI segment of pBR322 results in stabilization of replication in the Synechococcus PCC 6301 cells.
A novel expression vector, pARUB19
The minimal region of pUH24 fully capable of supporting autonomous replication has been narrowed down to a 3.6-kb DNA region. 15 Besed on this report, the 3.7-kb Xhol-Notl fragment of pBAl, which corresponds to the 3.6-kb minimal region of pUH24 was used as the cyanobacterial origin of replication.
To express foreign genes efficiently in cyanobacterial cells, a promoter that strongly functions in cyanobacterial cells is required. Because RuBisCO is one of the major soluble proteins in Synechococcus PCC 6301 cells, we used the promoter of the rbcL-S operon, 16 and the rbc terminator sequence was placed downstream for stable translation of the foreign genes and stable replication of the shuttle vector. To facilitate the insertion of foreign genes, MCS derived from pUC18 was introduced between the RuBisCO promoter and terminator sequences.
Many cyanobacterial genes have Shine-Dalgarno (SD)-like sequences, which are putative ribosomal binding sites, upstream from the ATG start codon of the genes. 17 ' 18 We identified an SD-like sequence, GGAG, upstream from the ffindlll site of MCS. In addition, to facilitate the ligation of foreign genes and further modification of around the SD-like sequence, the Taql site located 24 bp upstream from the SD-like sequence 10 was modified to an Sail site. Consequently, the expression vector became 6.9 kb in size and carried four unique restriction sites (BamHI, Smal, Sphl and Xbal) that allow the insertion of foreign genes.
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3.4-Stability of expression vector in host cells
To examine the ability of pARUB19 as an expression vector, the firefly luciferase gene was inserted in the SphI site of the MCS (Fig. 4) . The constructed luciferase expression vector was designated pARUB-Juc. Synechococcus PCC 6301 was transformed with pARUB19 and pARUB-Zwc, respectively. The transformation frequencies were 10 to 10 2 cells//ig plasmid DNA. From each of the transformed cells, irnact hybrid plasmids capable of transforming Synechococcus PCC 6301 and E. coli were isolated. The plasmid DNAs recovered from the transformants were digested with Sail (Fig. 5A) . Synechococcus PCC 6301 contains cryptic plasmids, 7.8-kb (pBAl) and 48.8-kb. 4 The restriction patterns show that the plasmid DNAs recovered from pARUB19 and pARUB-/«c transformants were identical to those of each plasmid DNA used for transformation (Fig. 5A) . Transformants have been stably maintained for over 6 months by repeated subculturing in the presence of Ap at 50 ^jg/ml. These results suggest that pARUB19 and pARUB-fec are not altered during DNA uptake and replication in Synechococcus PCC 6301 cells. The mechanism is not known by which the recombinants are more stably maintained in the cells, although the same repL^tion origin of the endogenous plasmid pBAl has been used in both transformants.
In cyanobacterial cells, it is well known that chimeric DNA containing the cyanobacterial chromosomal DNA integrate into the recipient DNA by homologous recombination at high frequencies. 19 The expression vector, pARUB19 carries the cyanobacterial RuBisCO promoter and terminator sequences. Nevertheless, pARUB19 was stably maintained in the host cells without homologous recombination.
Expression of firefly luciferase in host cells
The expression of luciferase in cells transformed with the expression vector, pARUB-Zuc, was demonstrated by SDS-PAGE (Fig. 5B, lane pARUB-fec) . By densitometric analysis of SDS-polyacrylamide gel, the expression levels of the protein reached about 1.2% of the total soluble protein. In the control, the luciferase protein was absent from the cells transformed with pARUB19 (lane P ARUB19).
The firefly luciferase gene is useful as a transcriptional reporter in cyanobacterial cells because Synechococcus PCC 6301 has the ability to take up luciferin into the cells. Therefore, we could directly determine the activity of luciferase expressed in the host cells without destruction of the cells. The cells transformed with pARUB-luc, and with pARUB19 were incubated with several concentrations of luciferin. Light production was detected in the transformants carrying pAKUB-luc, but no luciferase activity was detected in the cells transformed with pARUB19 (Fig. 5C) .
The cyanobacterial RuBisCO promoter functions strongly in the host cells. Therefore, the novel expression vector, pARUB19, would facilitate higher levels of foreign gene expression in Synechococcus PCC 6301 and strain PCC 7942. This vector is expected to be useful for analyzing the function of foreign genes in Synechococcus PCC 6301 and strain PCC 7942 cells.
